The requirements to wind turbine blades and other elements are quite high, In the ideal case, a wind turbine should work for 20..30 years without or with minimum maintenance. That is why the damage resistance and strength of wind blade materials is of great importance. A way to enhance the strength and reliability of wind blades is to develop new advanced materials with improved structures. In this work, several computational micromechanical models of wind blade materials are presented. The possibility of computational testing of materials and their numerical optimization are discussed.
Introduction
The practical usability of wind energy technology depend on the lifetime and reliability of wind turbines [1] - [3] . Wind blades are subject to complex, multiaxial, cyclic loading, and the failure processes are controlled by microscale degradation of the materials [4] [5] . The solution for this problem is the application of numerical experiments in which various materials which are used or can be used for wind energy applications are tested in computational models. The computational models used should include both realistic microscale structures of the materials and the realistic deformation and damage mechanisms. The approach in which the mechanical behavior and strength of a materials is studied as a function of its microstructures on the basis of numerical models is realized in the framework of computational micro-and mesomechanics of materials [6] . Here, computational micromechanical studies of the strength and degradation of various wind blade materials are presented.
Materials for Large Wind Turbines
Among all the parts of wind turbines (blades, hub, gearbox, generator, nacelle, tower...), composite materials are used in blades and nacelles. The main requirements to nacelles, which provide weather protection for the components, are the low weight, strength and corrosion resistance. Typically, nacelles are made from glass fiber composites. Blades represent the most important composite based part of a wind turbine, whose properties quite often determine the performances and lifetime of the turbine. In fact, a rotor is the highest cost component of a wind turbine. Increasing the reliability and lifetime of wind blades is an important problem for the developers of wind turbines. Wind turbine blades are subject to the external loading, which includes the flapwise and edgewise bending loads, gravitational loads, inertia forces, loads due to pitch acceleration, as well as torsional loading. The flapwise and edgewise bending loads cause high longitudinal, tensile and compressive stresses in the material. The upwind side of the blades is subject to tensile stresses, while the downwind side is subject to compression. The flapwise and edgewise bending moments lead to the fatigue damage growth. The wind blades are also subject to cyclic loadings, caused by wind variations, turbulences, wind shear, and other effects, like pressure variations of air around the tower. The wind blades are produced from long fiber reinforced polymer laminates. In these composites, long fibers ensure longitudinal stiffness and strength, while the resin matrix is responsible for fracture toughness, delamination strength and out-of-plane strength and stiffness of the composite. The stiffness of composites is determined by the stiffness of fibers and their volume content. Most often, E-glass (i.e., borosilicate glass called "electric glass" or "E-glass" for its high electric resistance) fibers are used as main reinforcement in the composites. which are stronger than the usual E-glass fibers, have been carried out. The high strength fibers (which are still used seldom in practice, but represent a promising source of the composite materials improvement) include glass fibers with modified compositions (S-glass, R-glass, WindStrandTM etc.), carbon fibers, basalt and aramid fibers. The interest to hybrid reinforcements (Eglass/carbon, E-glass/aramid, etc) has been growing during the last decade as well. Due to the low weight requirement to the wind blades, polymers are the main choice as the matrix material for the wind blade composites. Typically, thermosets (epoxies, polyesters, vinylesthers) are used as matrixes in wind blade composites. The advantages of thermosets are the possibility of room or low temperature cure, and lower viscosity (thus, allowing better impregnation and adhesion). Thermoplastics represent an interesting alternative to the thermoset matrixes. The advantages of thermoplastic composites are their recyclability, possibility of reshaping upon melting, possibility of automatic processing, and unlimited shell life of raw materials [7] . Their disadvantages are the necessity of high processing temperatures (causing the increased energy consumption and possibly influencing fiber properties) and, difficulties to manufacture large and thick parts, due to the much higher viscosity. Further, the development of matrix materials which cure faster and at lower temperatures is an important research area. Resins with faster cure and lower curing temperature allow reducing the processing time and automating the manufacturing. In some cases, thixotropic agents, like fumed silica and certain clays, are used to control viscosities of resins during manufacturing. In several works, the possibilities of improvement of composites properties by adding nanoreinforcement in matrix were demonstrated. Additions of small amount (at the level of 0.5 weight %) of nanoreinforcement (carbon nanotubes or nanoclay) in the polymer matrix of composites, fiber sizing or interlaminar layers can allow to increase the fatigue resistance, shear or compressive strength as well as fracture toughness of the composites by 30…80%. For the special segment of small, low cost wind turbines, the application of timber as a wind blade material represents an interesting and promising solution. Wood has high fatigue resistance, and relatively good strength to weight ratio, acceptable for small wind turbines. Special coatings allow protecting wooden turbines from the moisture degradation. Further, the requirements of the sustainability, disposability and environmental friendliness led some scientists to the idea to use bamboo and bamboo-based composites for the parts of wind turbines. The high strength and durability of bamboo as well as its quick growth and availability make the bamboo to a very promising material for the wind energy applications. Holmes et al. [3] developed a novel bamboo-poplare epoxy laminate for wind turbine blades, and demonstrated that this material has high strength and stiffness, and can be used in wind blades instead of common composites. In some investigations, other natural fiber composites (e.g., palm fibers, sisal, etc) were studied, and it was concluded that these composites have a potential as alternative materials for wind turbine blades.
Glass fiber reinforced polymers: 3D modelling
Here, we seek to investigate microscale mechanisms of damage evolution of wind blade composites, using the computational experiments. In order to do it, several computational programs has been developed, which allow the automatic generation of three-dimensional computational models of wind blade materials [9] - [11] .. Using the automatically generated 3D microstructural models, one can carry out virtual testing of the materials. This should allow the step-by-step numerical testing and optimization of different real and generic microstructures of wind blade composites. Figure 1 (lower right) shows the unit cell FE model of a composite with fibers bridging the crack, and the scheme of a crack growth from a cracked fiber to neighbouring fibers (upper roght). In the numerical experiments, we studied the influence of random scattering of the fiber properties on the damage evolution, and competition of damage modes, by testing different multifiber unit cell models of the composites [10] . Fig. 1 . 3D finite element model (unit cell) of a composite with damaged fibers, and unit cell with a composite with a matrix crack [10] It was observed in the simulations that if fibers in the unit cell are characterized by the same strength value, the composite as a whole is stronger and stiffer at the loads before the fibers start to crack. If the fibers are assigned random strength values, the damage-strain curves become different, and the composite is stiffer for the loads higher than the critical loads. Furthermore, in the latter case, the influence of matrix cracking of fiber failure is very weak. damage growth in fibers seems to be almost independent (as differed from the case with the constant strength of fibers). Further, in the simulations, we observed a kind of competition between the interface debonding and matrix cracking: in the regions where interface debonding is intensive, the delayed fiber failure was observed. On the other side, in the regions where there was a large matrix crack, the failed fibers do not cause the damage on fiber/matrix interfaces. .
Carbon fiber reinforced polymers: kinking effect and compression strength
A very promising alternative to the glass fiber composites is the group of carbon fiber reinforced composites, which have much higher strength. Glass fiber composites typically have compressive strengths comparable to the tensile strength. Carbon fibers have the compressive strength which is much lower than tensile strength. While glass fibers fail often by cracking both under tensile and compressive loading, the carbon fibers demonstrate one more damage mechanisms under compressive loading, namely, fiber kinking. The carbon fiber kinking is controlled by both local fiber misalignment and the matrix properties. For the analysis of the effect of fiber kinking on the composite strength, we developed a model based on the fiber kinking condition by Budiansky-Fleck [11] and the Monte-Carlo method. With this model, the effects of fiber misalignment variability, fiber clustering, load sharing rules on the compressive strength of rotor blade materials are studied numerically. It is demonstrated that the clustering of fibers has a negative effect of the damage resistance of a composite (Figure 2 )..
Fig. 2. Density of kinked fibers (D) and their
distributions for random and clustered fiber arrangements [11] In order to analyze the fatigue effects, we generalized the model to the case of cyclic compressive loading. A number of cyclic loading simulations was carried out. In the simulations, we observed that when adding random component to the cyclic loading history, the lifetime of the material is reduced. The reduction takes place in the higher degree the more the random component in the cyclic loading. We also considered the effect of the waviness of fibers, in particular, irregular waviness, and interface defects on the composite strength. Comparing the influence of small and large defects on the fiber/matrix interfaces, it was observed that "small interface microcracks do not lead to the sufficient reduction of compressive strength even at unrealistically high microcrack density. In contrast, large interface defects have a strong effect on the compressive strength of the composite" [8] .
Small Wind Energy Material: Timber 3.
While the small scale wind turbines represent a very promising technology of energy generation for poor and developing countries, the costs of wind turbines, in particular, costs of blades and the maintenance, can become a hindering factor in the development of this technology in poor country. To overcome this problem, and make the wind technology more competitive in poor countries, the idea to use natural materials, e.g. timber, was formulated [4] [12] . Wood is a natural composite which has relatively light weight and excellent fatigue properties, is relatively cheap and easy to work [13] . Using of timber wind blades would allow also to produce the turbine parts locally, what would further reduce the costs and strengthen local manufacturers in developing countries. For the development of methods of evaluation and prediction of timber applicability for small wind turbines, a research project on "Development of wind energy technologies in Nepal on the basis of natural materials" (collaboration between Denmark and Nepal) was realised. One of the aspects of this project has been the development of hierarchical computational models for 3D microstructural analysis of wood strength and stiffness. Macrolevel: annual rings are modeled as multilayers, using the improved 3D rule-ofmixture Mesolevel: the layered honeycomb like microstructure of cells was modelled as a 3D unit cell with layered walls. The finite element model was generated using the parametric modelling technique. The properties of the layers were taken from the microlevel model, Submicro-and microlevel: Each of the layers forming the cell walls was considered as an unidirectional, fibril reinforced composite. Taking into account the experimentally determined microfibril angles and content of components (lignin, cellulose, hemicelluloses) in each layer, we determined Young modulus of layers with the use of Halpin-Tsai equations Figure 3 gives an example of the FE unit model of earlywood. Using the developed model, the effects of microstructural parameters of wood on the deformation behaviour of wood were studied. In particular, the influence of microfibril angle (MFA) and wood density on the deformation behaviour was considered. Figure 3 (right) shows the influence of MFA in the sublayer S2 (Fig.4, left) on Young modulus. Here, MFAs in other sublayers S1 and S3 are 60o and 75o. From the computation studies, it was concluded that the control of microfibril angles can be considered as a mechanism of the natural control of stiffness of the cell wall. For instance, an increase in MFAs leads to the strong increase of the shear stiffness in 1-2 direction, while transverse Young and shear moduli don't change much.
Conclusion
In this paper, the methods of 2D and 3D computational, microstructure-based modeling of different groups of materials for blades of wind turbine are presented. Using the variety of the modeling methods presented here, one can predict the strength, stiffness and lifetime of the materials, optimize their microstructures with view on the better usability for wind turbines, or compare the applicability of different groups of the materials to the use in wind turbines.
